The nasopharynx is a centrally located but understudied upper respiratory tract component. This study tested hypotheses related to the functional integration of the nasopharyngeal boundaries with the facial skeleton and external basicranium over the course of development in humans and nonhuman hominoids. It was hypothesized that facial morphology (width, length, and kyphosis) is related to nasopharyngeal width and choanal morphology, whereas relative external basicranial proportions are related to nasopharyngeal depth. Human infants were used as models of extreme orthognathy and external basicranial retroflexion, whereas nonhuman hominoids were used to model greater relative prognathism and external basicranial retroflexion. Both of these groups were contrasted against adult humans, who exhibit both extreme orthognathy and external basicranial flexion. Three-dimensional landmark coordinate data were collected from age-graded series of Homo, Pan, Gorilla, Pongo, and Hylobates. Generalized Procrustes Analysis was performed, and multivariate shape differences were evaluated via principal components analysis. Additionally, linear measures were extracted from the Procrustescorrected sets of landmark data. Results indicate that human adults are indeed distinct from all groups in possessing a relatively shallow nasopharyngeal roof and shorter, more flexed external basicranial axis. Human adults and infants both exhibit greater relative choanal and nasopharyngeal width. Nonhuman hominoid faces tended to become airorhynch into adulthood, whereas humans exhibited the opposite trend. When pooling all the hominoids, facial width and palate length were strongly correlated with choanal and nasopharyngeal width, whereas facial kyphosis was strongly correlated with choanal orientation. The hypotheses were supported as the results indicated a morphologic rela-
INTRODUCTION
The nasopharynx is a vital portion of the upper respiratory tract (URT) whose development and evolution remain poorly understood. Lying at the junction of the basicranium, nasal cavity, and pharyngotympanic (Eustachian tube) orifice, morphological change of nasopharyngeal boundaries may have a profound impact on respiration, olfaction, vocalization, and middle ear aeration. Several studies have incorporated components of the nasopharyngeal boundaries without focusing on the nasopharynx itself (e.g., Laitman et al., 1979; Laitman and Heimbuch, 1982; Marquez and Laitman, 2008) . Following on this previous work, the current study centers on the nasopharynx, focusing on the morphologic relationships among its osseous boundaries, the facial skeleton, and the external basicranium in a growth series of extant human and nonhuman hominoids.
Humans are of particular interest to this study as anatomical models because of both their extreme orthognathy and pronounced external basicranial flexion. Humans are the most orthognathic of primates, a potential result of dentognathic changes related to dietary shifts (e.g., Wrangham, 2009) , locomotion (e.g., Schultz, 1955) , encephalization (e.g., Weidenreich, 1941) , and adaptations to speech (e.g., Lieberman et al., 1992) . Humans also undergo substantial postnatal growth change in osseous and cartilaginous components of the URT, including boundaries of the pharyngeal spaces and Eustachian tube (Vorperian et al., 1999 (Vorperian et al., , 2005 Bluestone, 2005a,b; Laitman and Reidenberg, 2009; Bluestone et al., 2012) . Although aspects of the bony parameters of the URT undergo marked developmental shifts, there is also pronounced increase in the vertical dimension of the facial skeleton (Enlow, 1975) . These growth changes led to restructuring of the upper airways whose components are likely interrelated functionally on many levels.
There are several evolutionary changes in the human URT that distinguish it from the condition in nonhuman hominoids. The most noticeable change is the "descent" of the larynx from the high position shown in other primates. The soft palate does not interlock with an intranarial epiglottis as in most other mammals (see Fig. 1 ), thus the nasopharynx is no longer the sole passageway for inspired air to reach the lungs with oral respiration becoming possible at times (e.g., Laitman and Reidenberg, 1998, 2013) . This laryngeal descent in humans is likely related to increase in external basicranial flexion as has been shown by comparative and experimental studies (e.g., Laitman and Crelin, 1976; Grosmanging, 1979; Laitman et al., 1979; Laitman and Heimbuch, 1982; Reidenberg and Laitman, 1991; Budil, 1994; Laitman and Reidenberg, 2009) . Such flexion may impact nasopharyngeal dimensions via inferior inclination of the sphenoid body and basioccipital element to increase nasopharyngeal height. Descent of the larynx occurs over human development from a high, craniad position in newborns (resembling the condition of nonhuman primates) to the low position of adults. Because of these developmental shifts in laryngeal position, a crossing of the alimentary tract and airway is produced in the oropharynx. This anatomical configuration has been implicated in a range of clinical conditions, including increased risk of choking due to material lodging in the larynx (Laitman and Reidenberg, 2013) , gastroesophageal reflux disease (e.g., Laitman and Reidenberg, 1997; Lipan et al., 2006; Patel and Vaezi, 2013) , and obstructive sleep apnea (e.g., Davidson et al., 2005) .
External basicranial flexion (as measured with exocranial landmarks) is distinct from internal basicranial flexion, which is measured with endocranial landmarks. The latter has been examined for its potential relationship with brain size where greater encephalization has been related to downward flexion of the clivus (e.g., Biegert, 1963; Gould, 1977; Ross and Ravosa, 1993; Ross and Henneberg, 1995; Strait, 1999 ; but see Jeffery and Spoor, 2004) . Increased internal basicranial flexion has also been related to neurocranial vault "rounding" (Huxley, 1867; Lieberman et al., 2000) , orthognathy (e.g., Virchow, 1857; Ranke, 1892; Ashton, 1957; Enlow, 1975; May and Sheffer, 1999) , and increased facial kyphosis (e.g., Ross and Ravosa, 1993) . Few researchers have considered the potential relationships between external and internal basicranial flexion. Each type of flexion may be related to different aspects of the facial skeleton and cranial vault, yet they have both been shown to distinguish modern adult humans from other primates who are relatively nonflexed in comparison (e.g., Laitman and Heimbuch, 1982; Ross and Henneberg, 1995; Spoor, 1997; Strait, 1999) .
Given the central location of the nasopharynx, the morphology of its boundaries may undergo evolutionary change in concert with other portions of the human URT. Trends of increasing orthognathy, increasing facial kyphosis, and rounded neurocranial shape all appear related to increases in basicranial flexion (Bookstein et al., 2003) , which likely occurred alongside anteroposterior reduction of the nasopharyngeal space. Spoor et al. (1999) suggested that, among modern humans, midline shortening of the anterior sphenoid bone between sella and the posterior maxillary plane (distance from the midpoints of the maxillary tubercles to the midpoint between the anterior-most points on the wings of the planum sphenoideum) on lateral radiographs was related to decreased midfacial prognathism (measured as the minimum distance between nasion and foramen cecum). They concluded from a relative warps analysis of eight midsagittal landmarks that, relative to archaic Homo, the anterior sphenoid of modern humans was elongated and that midfacial length was reduced. They agree with the assessment of Lieberman (1998) that the anteroposterior dimensions of the human nasopharynx were reduced but argue against the direct role of anterior sphenoid shortening over the course of its evolution. It would seem that their measure of sphenoid length would be only indirectly related to pharyngeal dimensions as it is an endocranial measure. Indeed, the soft tissue dimensions of the nasopharyngeal boundaries more closely correspond to the distance between the choanae and the spheno-occipital synchondrosis (Takagi et al., 1962) . However, the respective influences of presphenoid and postsphenoid growth on anteroposterior nasopharyngeal depth have yet to be studied in adequate detail. Michejda (1972) provided evidence suggesting that a reduced growth schedule at the human midsphenoidal synchondrosis (fused at birth) contributes to shorter relative length of the posterior sphenoid bone relative to Macaca, which continues to show growth in this region for 72 postnatal months (into adolescence). This prolonged growth may account for the relatively elongated medullary clivus and posterior sphenoid body of nonhuman primates (Michejda, 1972) .
In addition to anterior basicranial length, orientation of the posterior face (as estimated from the posterior maxillary plane) may potentially be related to anteroposterior nasopharyngeal depth. The position of the posterior maxilla as measured at pterygomaxillare (the inferior-most point on the pterygomaxillary fissure) has long been associated with anterior basicranial length as measured between nasion and sella (e.g., Brodie, 1941; Bjork, 1955) . McCarthy and Lieberman (2001) presented evidence that the angles made between the respective planes intersecting the cribriform plate (between foramen cecum and its posterior border) and planum sphenoideum (measured between the tuberculum sellae and the posterior-most midline point on the cribriform plate) with their intersection at the posterior maxillary plane show a strong relationship. After studying lateral radiographs of a wide array of haplorhine and strepsirhine crania, these researchers concluded that the anterior cranial base and face move as a single morphologic unit and that rotation of the "facial block" produced the anteroposteriorly constricted nasopharyngeal outline of modern humans. A similar conclusion was reached by Hayashi (2003) who measured interlandmark distances on CT scans of 45 Japanese modern human crania. He found that increasing anterior sphenoid length (measured endocranially) was related to rotation of the facial skeleton and anteroposterior positioning of the maxilla, which can impact anteroposterior nasopharyngeal dimensions. The unique nasopharyngeal anatomy of humans may thus have arisen from morphologic change in both facial orientation and the relative length of the anterior basicranium, two potentially interrelated variables. The current study is one of the few to test directly morphologic relationships between facial and basicranial morphology and the relative dimensions of the centrally located nasopharyngeal boundaries.
FUNCTIONAL IMPLICATIONS
The nasopharyngeal boundaries are intimately associated with several functions, most notably respiration. The choanae serve as the major internal portal of the . The soft palate is labeled "S" and the epiglottis is labeled "E." Areas superior to the soft palate within each blue rectangle approximate the nasopharynx and its boundaries. Note that the soft palate and epiglottis interlock among Ateles as is the condition of most mammals. The distal tip of the epiglottal cartilage in this anatomical configuration is within the nasopharynx, occupying an "intranarial" position. The epiglottis of the human adult is located far inferior to the nasopharyngeal boundaries with its distal tip corresponding to the vertical level of the intervertebral disc between the fourth and fifth cervical vertebrae. Note that the adult human nasopharynx appears vertically taller and anteroposteriorly shallower than that of the nonhuman primate.
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nasal cavity. Evolutionary and developmental change in choanal morphology likely impacts the velocity and direction at which inspiratory and expiratory air contacts the mucosa of the nasopharyngeal surfaces, thus contributing to the air-conditioning function of the nose (see classic study by Perwitzschky, 1927) . Additionally, aeration of the middle ear is mediated by the Eustachian (pharyngotympanic) tube whose cartilaginous portion abuts against the medial pterygoid plate. Human newborns and infants have been identified as having shorter, more horizontally oriented cartilaginous Eustachian tubes relative to adults. This anatomical difference has been implicated in the extremely high rates of otitis media (middle ear infection) in human infants when compared with adults (see Bluestone, 2005a,b) . Choanal orientation and nasopharyngeal depth may also impact the length of the soft palate and horizontal portion of the supralaryngeal vocal tract (between the labia and posterior nasopharyngeal wall), which are both related to articulatory ability (see Lieberman et al., 1992) . New understanding of the morphological relationships of the osseous nasopharyngeal boundaries may contribute to elucidating both the basic biology of normal and abnormal growth of the URT and to future reconstructions of physiology and susceptibility to disease in the URT of fossil hominins.
HYPOTHESES
This study will test two specific hypotheses that may yield insights into functional relationships between bony nasopharyngeal boundaries and functional systems of the head and neck (i.e., URT, alimentary tract, and middle ear).
Hypothesis 1: It is hypothesized that facial kyphosis, prognathism, and facial width are related to choanal width and to nasopharyngeal width. Greater facial kyphosis, orthognathy, and facial width are expected to be found alongside mediolaterally wider nasopharynges with broader choanae. Hypothesis 2: It is hypothesized that external basicranial flexion and the relative proportions of the midline external basicranium (basisphenoid and basioccipital bones) are related to nasopharyngeal depth. Greater external basicranial flexion and shorter external basicranial midline axes are expected to be found in association with anteroposteriorly shallow nasopharynges.
Hypothesis 1 would be supported if the relatively prognathic crania of nonhuman hominoids exhibit narrowing of the choanae and overall nasopharynx relative to human newborns and adults (whose crania are relatively less prognathic). Hypothesis 2 would be supported if human newborns exhibit nasopharynges that are anteroposteriorly long and choanae that are oriented more obtusely relative to the basicranial midline with little difference from adults in measures of relative choanal and nasopharyngeal width. These hypotheses are tested independently so that the event of one being supported does not influence the results of the other. Addressing these hypotheses will shed light on interrelationships that may lie at the foundation of both the basic biology of the URT and evolutionary relationships among humans and their closest relatives.
MATERIALS AND METHODS Materials
Three-dimensional landmark coordinate data were collected on dry crania representing human and nonhuman hominoids. Specimens were gathered from several collections and assigned to developmental stages based on dental eruption (see Table 1 ). Growth was divided into Stage 1 (newborn, before the eruption of the deciduous dentition), Stage 2 (eruption of the deciduous dentition only), Stage 3 (time of eruption of the M 1 ), Stage 4 (time of eruption of the M 2 ), and Stage 5 (time of eruption of the M 3 ). Developmental stages were adapted from Hellman (1927) and Ashton (1957) as they were shown to roughly correspond to periods of facial and basicranial growth among human and nonhuman hominoid genera (e.g., Laitman, 1977) .
The human sample was obtained from the American Museum of Natural History (New York) and the Spencer R. Atkinson Collection, University of the Pacific School of Dentistry (San Francisco). The former collection consisted of adults (and some adolescents and subadults) from several geographic regions (n 5 177; Tables 1 and  2) , representing a wide range of cranial morphology. Human growth changes were assessed in the Atkinson Collection, one of the largest samples of well-preserved newborn and infant crania available for study (Table 1) . The collection is composed of individuals from Mexico, Peru, India, China, Europe, and the United States with others of undetermined provenance (n 5 264; Dechant, 2000) . As the current study tests for genus-wide Prior to data analysis, tests of sexual dimorphism were performed for each of the linear measures (see "Methods" section) to determine whether adult samples should be segregated by sex rather than pooled (see Table 1 for sample sizes of males and females in each genus). A series of Student's t tests were performed between male and female adults from each genus (see Table 3 ). The only significant (P < 0.05) differences were found between male and female Gorilla in two measures (choanal height and bilateral width between the left and right foramina ovale). These variables were considered in subsequent testing for growth changes, and when dimorphism was present, Stage 5 males and females were segregated.
Methods
A total of 40 landmarks were used to quantify the morphology under investigation, 20 being standardized craniometric points (e.g., Martin, 1928) . The other landmarks were collected along the external surfaces of the splanchnocranium and basicranium and were chosen to outline both the nasopharyngeal boundaries and other structures such as the foramen magnum, basicranial axis, hard palate, piriform aperture, and bony orbits (Figs. 2 and 3 and Table 4 ). Landmarks included both Type I and Type II landmarks (e.g., Bookstein, 1991; Marcus et al., 1996; O'Higgins, 2000) . Three-dimensional landmark coordinates were digitized with a Microscribe G2 Digitizer.
The digitized coordinates underwent Generalized Procrustes Analysis (GPA) via the program Morphologika2 (version 2.5; O'Higgins and Jones, 2006) . This technique includes Procrustes fitting, which is registration of a series of landmark configurations (defined by their X, Y, and Z coordinates) by optimally superimposing and scaling all specimens to a reference configuration. GPA removes isometric size differences among specimens so that only shape variation remains, creating a shape space. Nonetheless, allometric shape variation remains and is measurable via comparison of multivariate vectors of shape with centroid size (a measure of overall configuration size for each specimen). Subsequently, all superimposed and scaled sets of landmark coordinate data were then subjected to principal components analysis (PCA; reviewed by O'Higgins, 2000) . The resulting PCA plot is a tangent projection from a multidimensional (Kendall's) shape space (see Rohlf, 1996; Slice, 2001) . The first PC encompasses the greatest proportion of total shape variance, with each consecutive principal component representing orthogonal vectors of progressively smaller amounts. Each point on the principal components chart has a coordinate value on each of these axes, representing an individual's relative value in each vector of deviation from the mean of the Procrustescorrected landmark coordinates (see the following for review: O'Higgins and Jones, 1998; Mitteroecker and Gunz, 2009 ).
Distribution of shape differences across each principal component can be visualized via point clouds, wireframe diagrams, or polygon models (with each corner representing individual landmark locations). Landmark configurations examined here were visualized using wireframe diagrams as the URT structures examined are of complicated morphology that would otherwise be Despite the presence of more males than females in this sample, tests of sexual dimorphism were performed for each of the univariate measures and no significant differences (P > 0.05) were found (see "Materials" section).
obscured by point clouds or polygons (see Fig. 4 for the wireframe diagram used in this study). Additionally, only midline and left-side landmark coordinates were used for PCA of the relative positions of individuals in shape space. This was done to avoid assignment of double weighting to bilateral landmarks. PCA has great utility both in visualizing shape differences between groups and summarizing overall shape variance within a comparative sample. Yet, despite these advantages, PCA is primarily a technique of qualitative assessment of morphological diversity between and within groups as finer shape differences (e.g., relative facial length and basicranial flexion) may only be described from landmark arrangements and are not typically quantified. Thus, data analysis in Morphologika2 is limited to visualization of shape space and concomitant Choanal width P 5 0.111 P 5 0.582 P 5 0.864 P 5 0.751 P 5 0.366 Choanal height P 5 0.595 P 5 0.522 P 5 0.022; male P 5 0.263 P 5 0.865 Bi-ovale width P 5 0.290 P 5 0.383 P 5 0.024; female P 5 0.543 P 5 0.995 Bi-carotid width P 5 0.869 P 5 0.2 P 5 0.951 P 5 0.093 P 5 0.263 Bi-jugale width P 5 0.023 P 5 0.109 P 5 0.817 P 5 0.96 P 5 0.318 Palate length P 5 0.547 P 5 0.556 P 5 0.437 P 5 0.63 P 5 0.673 Nasal width P 5 0.472 P 5 0.284 P 5 0.328 P 5 0.555 P 5 0.507 Nasopharyngeal roof depth P 5 0.292 P 5 0.332 P 5 0.568 P 5 0.632 P 5 0.654 Hormion-basion length P 5 0.946 P 5 0.996 P 5 0.195 P 5 0.643 P 5 0.978 Nasal index P 5 0.792 P 5 0.924 P 5 0.490 P 5 0.832 P 5 0.717 Choanal index P 5 0.188 P 5 0.852 P 5 0.253 P 5 0.443 P 5 0.485 Basicranial flexion angle P 5 0.306 P 5 0.182 P 5 0.153 P 5 0.759 P 5 0.15 Choanal orientation P 5 0.857 P 5 0.102 P 5 0.913 P 5 0.296 P 5 0.876
Note: "P; Male" or "P; Female" indicate that the respective male or female mean is greater when there is a significant (P < 0.05) difference. Boldface text indicates significance (P < 0.05). Table 4 ). The specimen shown is an Inuit cranium from the American Museum of Natural History (99.1/4718) in frontal view. Fig. 3 . Landmarks chosen to represent facial shape (see Table 4 ). The specimen shown is an Inuit cranium from the American Museum of Natural History (99.1/4718) in basal view.
shape changes in landmark coordinate sets over principal components axes, which are graphically displayed (e.g., wireframe models). For quantitative analysis, it was thus necessary to calculate linear distances from the Procrustes-fitted (i.e., scale-free) landmark coordinate data that were used in the PCA. The computer program SAS (Statistical Analysis System; SAS Institute) was used to calculate these linear measures via the following formula:
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The derivation of linear measures from Procrustescorrected landmark configurations holds two advantages over absolute distances measured with calipers. The first is the ability to directly compare length between any two homologous points on a scaled set of landmark coordinates. With manual caliper measurement, one must subsequently scale a given linear measure over another so that the influence of size may be mitigated. This is a disadvantage as the correlation between ratio and scaling variables is greater than zero, thus scaling with ratios introduces further size variation (e.g., Atchley et al., 1976; Jasienski and Bazzaz, 2009 ). The calculation of distances from Procrustes-corrected landmark coordinates, however, eliminates the need to scale over any single dimension because the centroid size (the metric used for scaling) is equally uncorrelated with all Intersection of the horizontal plates of the palatine bones with the palatine processes of the maxillae in the midline 3. Staphylion 4.
Hormion 5. Sphenobasion 6.
The point indicating the midline position of the pharyngeal tubercle (one-third of the distance from exobasion to hormion) 7.
Basion (exobasion) 8.
Left-most posteroinferior point on the alveolar process of the maxilla (typically at the maxillary tubercle) 9.
Right-most posteroinferior point on the alveolar process of the maxilla (typically at the maxillary tubercle) 10.
Left superior-most point on the posterior margin of the medial pterygoid plate 11.
Right superior-most point on the posterior margin of the medial pterygoid plate 12.
Left inferior-most point on the posterior margin of the pterygoid plate (just superior to the base of the medial pterygoid hamulus) 13.
Right inferior-most point on the posterior margin of the pterygoid plate (just superior to the base of the medial pterygoid hamulus) 14.
Left lateral-most midpoint point on the choanal margin (the vertical midpoint on the posterior medial pterygoid plate edge) 15.
Right lateral-most midpoint point on the choanal margin (the vertical midpoint on the posterior medial pterygoid plate edge) 16.
Left posterior-most point on the rim of the foramen ovale 17.
Right posterior-most point on the rim of the foramen ovale 18.
Left anteromedial-most point on the petrous temporal (its apex) 19.
Right anteromedial-most point on the petrous temporal (its apex) 20.
Left anteromedial-most point on the external rim of the carotid canal 21.
Right anteromedial-most point on the external rim of the carotid canal Left zygomaxillare (the most inferior point on the zygomaticomaxillary suture) 30.
Right zygomaxillare (the most inferior point on the zygomaticomaxillary suture) 31.
Left lateral-most point on the rim of the nasal aperture 32.
Right lateral-most point on the rim of the nasal aperture 33.
Left jugale (the point in the greatest depth of the notch between the temporal and frontal processes of the zygomatic bone) 34.
Right jugale (the point in the greatest depth of the notch between the temporal and frontal processes of the zygomatic bone) 35.
Left ectoconchion (most lateral point on the orbital margin) 36.
Right ectoconchion (most lateral point on the orbital margin) 37.
Left zygoorbitale (point at which the zygomaxillary suture intersects the orbital rim) 38.
Right zygoorbitale (point at which the zygomaxillary suture intersects the orbital rim) 39.
Left medial-most point on the orbital rim 40.
Right medial-most point on the orbital rim dimensions (e.g., Rohlf and Marcus, 1993; Adams et al., 2004; Mitteroecker and Gunz, 2009) . A second advantage of using landmark coordinate data is that it allows for the synthesis of new measures between previously registered landmark locations. The implementation of new measures with calipers would require revisit of each specimen, a time-consuming endeavor. After calculating distances, subsequent calculations of indices and angles were performed. Angular measurements were calculated from linear distances using the law of cosines as follows:
Accounting for Observer Error
Data collection was performed primarily by one of us (A.S.P.) but a portion of the data was also collected by a master's student of J.T.L. who was trained by A.S.P. in the protocol used for the current study. This was done so that a sufficient sample could be gathered in the limited time allotted for collection. To assess interobserver error, 12 human crania were digitized by the trained graduate student and by A.S.P. on separate days. Procrustes distances between these two sets of measures collected from each specimen were calculated using Morphologika2 so that overall shape difference could be assessed. Most distances were small (0.0772) with only one pair of observations exhibiting an abnormally large distance (0.115871), likely as a result of measurement error. These distances were then compared with the Procrustes distances between different specimens in a separate human pilot sample (n 5 12) digitized by A.S.P. The interobserver distances were larger than only six (4.545%) of the 132 interspecimen distances from this second pilot sample. Thus, interobserver error was considered low enough to justify pooling of data from both observers.
After all data collection was completed, a post hoc test of interobserver error was used (adapted from Terhune et al., 2007) . Procrustes distances between each pair of specimens from the total sample (n 5 854) were calculated. This entailed a total of 264,130 separate Procrustes distances. When compared with this larger set of interspecimen distances, the interobserver Procrustes distances were larger than only 1.28724% of the values. The results of this post hoc test thus confirmed that interobserver error was sufficiently low.
Intraobserver error was assessed on every 25 specimens by running a PCA on the Procrustes-corrected data and using a plot with the first principal component (PC 1) comprising the X-axis and the second principal component (PC 2) comprising the Y-axis. If any of the individuals exhibited an extreme distance from congeners on the PC plot (exceeding twice the greatest distance within the cluster) or if landmark order appeared switched from visualization of a numbered point cloud diagram, that specimen was remeasured. Both observers used this method. Remeasurement became less frequent as they became more familiar with the protocol.
Univariate Measures
Facial kyphosis. This is usually defined as the rotation of the splanchnocranium relative to the neurocranium and measured via endocranial landmarks (Hofer, 1952; Starck, 1953; Ross and Ravosa, 1993) . The current study defines facial kyphosis relative to the external basicranium via external landmarks. It is quantified here as the angle between the measures prosthion-hormion and hormion-sphenobasion. The landmark sphenobasion was located midway between the posterior boundaries of the left and right foramina ovale, making it determinable even when the sphenooccipital synchondrosis was obliterated (see description by Laitman et al., 1979; Laitman and Heimbuch, 1982) .
Facial width. Two independent measures were defined here using the bi-jugale width and bi-nasal width at the widest points on the piriform aperture rim. The latter measure was scaled over nasal height (rhinion-nasospinale length) to produce a nasal index of piriform aperture shape (e.g., Thomson and Buxton, 1923; Davies, 1932; Weiner, 1954; Franciscus and Long, 1991) . The following formula was used:
Nasal index 5 ðNasal width=Nasal heightÞ3100:
Prognathism. Prognathism is measured here between prosthion and staphylion. This distance has been used as a measure of palate length (Ashton, 1957; Laitman et al., 1978) and nasal cavity length (Marquez and Laitman, 2008) . Marquez and Laitman (2008) have also found a relationship between piriform aperture width and prosthion-staphylion length, suggesting that this measure bears a strong functional morphologic relationship to URT proportions.
Choanal shape and orientation. To measure choanal height and width, fixed points were used along the medial pterygoid plates and vomeral articulations. The line joining staphylion and hormion is parallel to the main direction of the medial pterygoid plates and thus appears to be a reliable proxy for choanal height that is not influenced by choanal asymmetry. This measure is also used to represent the angle of inclination of the choanal plane relative to the basicranial axis, calculated as the staphylion-hormion-sphenobasion angle.
For choanal width, the midpoints between the superior-and inferior-most points on the posterior margin of the medial pterygoid plates were used. The greatest mediolateral distance between left and right medial pterygoid plates is usually situated midway between the superior border of the medial pterygoid hamulus (inferiorly) and tubercle (superiorly). This was typically located in a slightly inferior position relative to the inferior border of the scaphoid fossa among humans and nonhuman hominoids. Additionally, an index was calculated for nasopharyngeal shape as follows:
Choanal index 5 ðWidth=HeightÞ3100:
Nasopharyngeal width. Width of the nasopharynx was measured separately using three independent measures between foramina ovale, the apices of the petrous temporal bones, and the anteromedial-most points on the rims of the left and right carotid canals.
Nasopharyngeal depth. Anteroposterior depth of the nasopharyngeal roof is defined here by the hormionsphenobasion measure. The superior pharyngeal constrictor muscle is located approximately at the level of sphenobasion. Although this muscle has its superiormost attachment at the basal (or pharyngeal) tubercle on the basioccipital element, its epithelium-covered pharyngeal surface corresponds to the approximate position of the spheno-occipital synchondrosis. Takagi et al. (1962) described this anatomical relationship among adult and infant humans as well as several nonprimate mammals, including a calf, rabbit, rat, guinea pig, and opossum.
The measure of anteroposterior nasopharyngeal (floor) depth is an estimate of the distance between the posterior hard palate edge and the superior pharyngeal constrictor muscle. Anteroposterior nasopharyngeal depth was considered the sum of the distance from staphylion to the perpendicular projection from hormion (vomeral depth) and nasopharyngeal roof depth. Vomeral depth was calculated by subtracting the value of the staphylion-hormion-sphenobasion angle from 180 so that the base of the right triangle made with staphylion-hormion length as its hypotenuse could be calculated.
External basicranial flexion. The hormionsphenobasion-basion angle was used to estimate flexion at the spheno-occipital synchondrosis (or synostosis; see description above). Distance between hormion and $ 5 adult female. Humans occupy the positive end of the first principal components axis (PC 1, X-axis), and Hylobates occupies the negative end of the second principal components axis (PC 2, Y-axis). Both groups were morphologically distinct from Pan, Gorilla, and Pongo, all of whom extensively overlapped. Specimens on the positive end of the PC 1 axis (humans of all ages) exhibited shorter palate length and inferior inclination of the basiocciput, whereas those at the negative end had longer palates and superiorly rotated basiocciputs (i.e., less external basicranial flexion). Specimens plotting at the positive end of the PC 2 axis (human stages 2-5 and great apes of all ages) exhibited lesser amounts of facial kyphosis and taller midline choanae, whereas those at the negative end were characterized by shorter, broader choanae and greater facial kyphosis. Only humans in the upper right quadrant of the plot experienced shortening of the midline sphenoid bone between hormion and sphenobasion.
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basion was also calculated as a proxy measure of external flexion.
Several statistical techniques were used to compare groups in the above measures. The presence of growth change in each of the above measures was tested using analysis of variance (ANOVA) within each genus, and when the results of the ANOVA were significant (P < 0.05), multiple pairwise t tests were used to compare growth stages within each genus. This was done to identify the intervals of development during which growth changes occur and to develop a baseline for comparison of growth trends among genera. Thus, if two consecutive growth stages were significantly (P < 0.05) different from each other in a given measure, a growth change and its directionality is identified. However, if there are no differences among consecutive growth stages but instead between nonconsecutive growth stages, a gradual growth change is identified.
A series of t tests were also performed to compare Stage 1 and Stage 5 humans with all other growth stages of all hominoid genera (a total of 38 different comparisons). This was done to test for aspects of nasopharyngeal boundary morphology that may be distinct in adult and newborn humans. For example, measures of anteroposterior nasopharyngeal depth or external basicranial flexion that significantly (P < 0.05) distinguish adult humans from all other hominoid growth stages (including infant apes that may possess reduced facial length and basicranial flexion relative to adult congeners) may bear on questions of functional relationships between bony anatomy and supralaryngeal vocal tract proportions.
A method for multiple comparisons was necessary for adjusting the P-value used in t tests among multiple taxa and growth stages. With each additional comparison, the chance of committing a Type I error (rejection of a true null hypothesis) increases. When any event is repeated, it increases the likelihood of any single outcome. The Bonferroni method corrects for this increased error by dividing the desired level of significance (a) by the number of comparisons (g). The formula is given as follows:
Bonferroni-corrected confidence interval 5 a=g:
This formula ensures that each of the t tests within a series of comparisons will have the intended confidence interval. This method was selected over other tests such as the Tukey-Kramer (which accounts for familywise Fig. 3 ). Note that humans undergo flexion (inferior rotation) of the basicranium and facial skeleton over development, whereas most other nonhuman primates exhibit facial and overall upper respiratory tract elongation. These wireframes were generated from the principal components analysis in Fig. 5 . error with greater power) as the Bonferroni adjustment uses a more conservative estimate of a. It can thus provide a more stringent test.
Product-moment (Pearson) correlations were also calculated among all of the measures synthesized from the landmark coordinate data as a separate test of the hypotheses. Significance was set at P 0.05, and a strong correlation was considered at least r 5 0.6. Correlation tests were performed on the pooled sample of mean values from each growth stage of each genus and were adjusted using the Bonferroni correction described above.
RESULTS
The results are summarized in Figs. 4-8 (geometric morphometric analyses), Figs. 9-14 (growth trends in Fig. 8 . Wireframe models representing choanal morphology from infancy (Stage 1) to adulthood (Stage 5) among all the hominoid genera. Note that humans exhibit the widest choanae over development with growth changes constrained to relative height. The wireframes here were generated from the principal components analysis in Fig. 4 by vertically orienting the midline hormion-staphylion distance.
linear measures), and Tables 5 and 6 (multiple correlations).

Principal Components Analysis
A PCA of the pooled sample revealed that developmental change and autapomorphic human morphology accounted for a large proportion of total sample variance (Fig. 5) . All genera exhibited a gradient from Stages 2 to 5 with earlier growth stages plotting more positively on PC 1. In addition, PC 1 separated humans from all other nonhuman primates with only two Stage 2 apes (a Gorilla and a Pongo) overlapping at the edge of the human range of variation. PC 1 accounted for roughly 50.4% of all shape variance; moving from the negative to positive end of the axis, shape variation shows decreasing palate length, facial kyphosis, decreasing vertical height of the maxillary tubercles, inferior displacement of the basicranial axis (which suggests external basicranial flexion), decreasing anteroposterior depth of the nasopharyngeal roof (the hormion-sphenobasion distance), and increased choanal width (between the midline hormion-staphylion distance and the edge of the medial pterygoid plate). The greatest amounts of change along PC 1 occur at prosthion, basion, and the carotid canal, suggesting that these landmarks may be driving the analysis. PC 1 had a weak but significantly negative correlation with centroid size (r 5 20.2663; P < 0.001), suggesting that allometry may have contributed slightly to shape variation along this axis. PC 2 accounted for 16.3% of total sample variance and was related to increasing vertical height of the maxillary tubercles, decreasing choanal width at the lateral-and superior-most points of the medial pterygoid plate edges, and increasing choanal height when moving from the negative to positive ends of this axis (Figs. 5 and 6 ). This axis separated Hylobates from the great apes and Stage 1 humans from later developmental stages. Stage 1 humans and Hylobates overlapped on this axis, with both groups exhibiting relatively short and narrow choanae (Figs. 6-8) . Humans between Stages 2 and 5 occupied the upper right quadrant of the plot and were the only group to exhibit foreshortened external sphenoid bones between hormion and sphenobasion in the midline. This morphological feature even distinguished them from newborn humans (Fig. 9) . None of the other PC axes were meaningful as they did not separate groups of specimens and each accounted for less than 5% of shape variation.
Growth Trends in Homo as Quantified From Interlandmark Distances
Significance for the Bonferroni-adjusted t tests was set at P < 0.005 as there were 10 orthogonal pairwise comparisons among growth stages 1-5. Stage 1 humans exhibit choanae that are relatively shorter than adults (shorter hormion-staphylion length) but are of the same relative width. Choanal growth change in humans thus occurs in the vertical dimension and appears concentrated around the time of eruption of the first deciduous teeth (i.e., the transition from Stage 1 to Stage 2) with smaller but significant growth changes continuing up until adulthood (Fig. 10a) . This trajectory also characterized choanal index (Fig. 10b) confirming that the choanae do indeed grow taller and narrower early in life with more subtle increases in relative height thereafter. Furthermore, the angle of choanal orientation exhibited slow but significant growth change between Stages 1 and 5 (Fig. 10c) .
Bi-ovale width exhibited a growth trajectory similar to that of relative choanal shape in which large-scale growth change occurred around the time of eruption of the first deciduous dentition. This dimension was greater in Stage 1 crania, presumably a result of greater relative breadth of the nasopharynx and overall basicranium (Fig. 10d) . Bi-carotid width undergoes the opposite trend in which there is a substantial increase in its relative dimension around the eruption of the first deciduous dentition (Fig. 10e) . The relative distance between the petrous apices (Fig. 10f ) also gradually increases between Stages 1 and 3.
The measure of total basicranial axis length (hormion-basion distance) exhibited significant and marked growth changes between Stages 1-2 and Stages 2-3, when it reached adult proportions at the approximate time of eruption of the first permanent maxillary molar (Fig. 11a) . Despite a lack of significance, Stages 2-5 crania all exhibited more acute mean values for the hormion-sphenobasion-basion angle than Stage 1 crania. The nasopharyngeal roof depth also experienced the same growth pattern up until Stage 3 but continued experiencing gradual shortening until adulthood (Fig.  11b) . However, nasopharyngeal floor depth experienced only subtle growth between Stages 2 and 5 as it became relatively smaller but with no significant difference between Stages 1 and 5 (Fig. 11c) . This may be related to the similar growth schedule of the angle of choanal orientation, which gradually rotated posteriorly between infancy (Stage 1) and adulthood with no significant differences among consecutive developmental stages.
Relative midline palate length and facial kyphosis both exhibited significant change between Stages 1-2 and Stages 3-4, comprising two separate growth spurts (Figs. 10e and 11d) . Palate length increased and the angle of facial kyphosis became more acute with increased age. Facial width exhibited a more complicated trajectory as relative bi-jugale width significantly decreased between Stages 1 and 2 and gradually increased between Stages 2 and 5 with no significant difference between the Stage 1 and Stage 5 crania (Fig.  11f) . There was also no difference between Stage 1 and Stage 5 crania in relative nasal width, but there was a marked difference in nasal height, which (like choanal index) reached adult proportions at Stage 2. 
Growth Trends in Pan
Significance for the Bonferroni-adjusted t tests was set at P < 0.0083 as there were six orthogonal comparisons between Stages 2 and 5. Significant decrease was found in bi-jugale width and nasal index (indicating narrowing of the piriform aperture) between Stages 3 and 5 (Fig. 12a,b) . Vomeral and overall nasopharyngeal floor depth also decreased significantly between Stages 4 and 5 (Fig. 12c) , apparently as a result of the posterior movement of the posterior maxillary tubercles. There was also a significant increase in the posterior maxillary width between Stages 3 and 5 (Fig. 12c) . Overall, the palate appears to be growing wider and longer posteriorly with narrower airway proportions.
Growth Trends in Gorilla
Significance for the Bonferroni-adjusted t tests was set at P < 0.0083 as there were six orthogonal comparisons between Stages 2 and 5. Relative choanal width decreased significantly between eruption of the deciduous dentition and adulthood with no significant differences between intermediate growth stages (Fig. 13a ). This implies a gradual change that occurs over a long period of developmental time rather than between consecutive growth stages, between which significant differences are not detectible. There were no significant growth changes in relative choanal height or angulation when using a pooled adult sample. However, adult males exhibited significantly taller choanae than adult females in the pre hoc test (see Table 3 ); however, this difference was not significant after Bonferroni adjustment. The basicranium narrowed over development with relative bicarotid width decreasing significantly between Stages 2 and 3 and gradually between Stages 3 and 5 (Fig. 13b) , whereas relative bi-ovale width decreased between all consecutive stages except the junction of Stages 3-4 (time of eruption of the second permanent maxillary molars; Fig. 13c ). Despite the presence of sexual dimorphism in this measure during the pre hoc test (see "Methods" section and Table 3 ), there were no significant differences between adult males and adult females after Bonferroni adjustment. However, only Stage 5 males exhibited significantly narrower bi-ovale width than Stage 4 crania as the females did not significantly differ Fig. 10 . Box-whisker plots of significant (P 5 0.005 as per the Bonferroni formula) growth changes among Homo. This P-value is made lower than the Bonferroni P-values for the other genera by the inclusion of Stage 1. For each plot, the X-axis represents growth stage. In the cases of (a), (c)-(f), and (j), the Y-axes represent units of Procrustes-corrected length and are thus relative dimensions. The Yaxis of (b) represents angular values. Significant growth changes were found in all of these measures. P-values listed inside each plot indicate the P-value for that respective ANOVA. Asterisks between growth stages represent the presence of a significant difference identified during post hoc testing. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
from the latter in this measure. Relative palate length remained unchanged between Stages 2 and 4 and abruptly increased between Stages 4 and 5, suggesting a late growth spurt (Fig. 13d) . Growth change in facial kyphosis was gradual but significant between infancy and adulthood with no significant differences among consecutive growth stages (Fig. 13e) .
Growth Trends in Pongo
Significance for the Bonferroni-adjusted t tests was set at P < 0.0083 as there were six orthogonal comparisons between Stages 2 and 5. No significant growth changes were found in relative choanal width, height, or angulation in Pongo. Hormion-basion length and nasopharyngeal roof depth (between hormion and sphenobasion) both increased gradually and significantly between Stages 3 and 5; thus, there were no significant differences between Stages 3 and 4 or Stages 4 and 5 (Fig.  14a,b) . In addition, narrowing of the relative bi-ovale and bi-carotid widths (Fig. 14c,d ) was also occurring between Stages 3 and 5.
Growth Trends in Hylobates
Significance for the Bonferroni-adjusted t tests was set at P < 0.0083 as there were six orthogonal comparisons between Stages 2 and 5. Relative choanal width and angulation did not change significantly in this genus. Stage 4 crania exhibited taller choanae than Stage 2 crania; however, an ANOVA of this measure did not yield a significant P-value (P 5 0.0532; Fig. 15a) . Instead, an ANOVA of nasal height was significant (P 5 0.0053; Fig. 15b ) with the only significant difference occurring between Stage 2 and Stage 5 crania. In addition, hard palate elongation (Fig. 15c) was also occurring at the same growth rate. The one variable to exhibit rapid growth was bi-ovale width, which increased significantly between Stage 4 and Stage 5 crania (Fig. 15d) .
Comparison of Human and Nonhuman Hominoids
Significance for the measures used in comparing growth stages among all genera was set at P < 0.00125 Fig. 11 . Box-whisker plots of significant (P 5 0.005 as per the Bonferroni formula) growth changes among Homo. This P-value is made lower than the Bonferroni P-values for the other genera by the inclusion of Stage 1. For each plot, the X-axis represents growth stage. In the cases of (a)-(e), the Y-axes represent units of Procrustescorrected length and are thus relative dimensions. The Y-axis of (f) represents angular values. Significant growth changes were found in all of these measures. P-values listed inside each plot indicate the Pvalue for that respective ANOVA. Asterisks between growth stages represent the presence of a significant difference identified during post hoc testing. The quantity of measures for which there were significant growth exceeded those found in all other hominoid genera, suggesting a large-scale restructuring of the upper respiratory tract. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
(for 40 pairwise comparisons of each linear measure at a 5 0.05, as per the Bonferroni formula). Measures that significantly distinguished humans from all other hominoids included greater bi-jugale widths, choanal widths, and bi-ovale widths (Fig. 16a-c) . Thus, humans were distinguishable by wider faces, choanae, and basicrania, respectively. Stage 1 humans also exhibited significantly shorter palate length than every other developmental stage of every genus (Fig. 16d) . Nonetheless, human adults were distinguished from Stage 1 crania and all other nonhuman hominoids by significantly greater width between the left and right carotid canals and shorter hormion-basion length (Fig. 16e,f) .
There were some relative dimensions in which adult humans were significantly different from Stage 1 humans but not Stage 2 apes (Fig. 17) . These included facial kyphosis, palate length, angle of choanal orientation, and width between the left and right petrous apex. in addition, adult humans exhibited a significantly lower relative nasopharyngeal roof depth (hormion-sphenobasion distance) than all other groups except adult Gorilla. The adult human condition may thus be defined by a unique combination of the above features rather than significant differences in each dimension.
Correlations
It was hypothesized (Hypothesis 1) that facial kyphosis, facial length, and facial width are related to choanal dimensions and choanal orientation as well as to nasopharyngeal and basicranial width. To test these relationships, correlation coefficients were calculated from the mean values of each growth stage from each genus ( Table 5 ). The results show that palate length shares strong and significant (P < 0.0001) negative correlations with choanal width (r 5 20.89), bi-ovale width (r 5 20.94), and bi-carotid width (r 5 20.7; P 5 0.00046). Bi-jugale width was also strongly and significantly correlated with choanal width (r 5 0.75; P 5 0.0001), bi-ovale width (r 5 0.65; P 5 0.0013), and bi-carotid width (r 5 0.76; P < 0.0001). Facial kyphosis was strongly and significantly correlated with choanal width (r 5 20.76; P < 0.0001), bi-ovale width (r 5 20.73; P 5 0.00019), and bi-carotid width (r 5 20.7; P 5 0.00041) but was not significantly correlated with the angle of choanal orientation (r 5 0.59; P 5 0.049, above the Bonferroni-adjusted P-value of 0.0025 for 20 comparisons). Nasal width was strongly and significantly (P < 0.0008) positively correlated with choanal height (r 5 0.67) and choanal angulation (P 5 0.69).
A second set of correlation analyses was performed to test Hypothesis 2 (Table 6 ) with five separate comparisons warranting a Bonferroni-adjusted P-value of 0.01. The basicranial flexion angle was moderately (r 5 0.58) but significantly (P 5 0.0064) correlated with nasopharyngeal depth at its roof and strongly correlated with anteroposterior depth at the nasopharyngeal floor (r 5 0.6; P 5 0.0039). Basicranial axis length between hormion and basion was also strongly correlated with depth at the nasopharyngeal floor (r 5 0.70; P 5 0.0004). The strong correlation between nasopharyngeal roof and floor depth (r 5 0.98; P < 0.0001) was likely a result of the hormion-sphenobasion distance comprising a portion of the hormion-basion length. Relative shortening of the Fig. 12 . Box-whisker plots of significant (P 5 0.00833 as per the Bonferroni formula) growth changes among Pan. For each plot, the Xaxis represents growth stages. In the cases of (a), (c), and (d), the Yaxes represent units of Procrustes-corrected length and are thus relative dimensions. The Y-axis of (b) represents an index, which is also a relative measure. Palatal growth most distinguished the Pan developmental pattern with broadening and posterior growth (as can be seen in decreasing nasopharyngeal floor depth); this value decreased gradually between Stages 2 and 5. P-values listed inside each plot indicate the P-value for that respective ANOVA. Asterisks between growth stages represent the presence of a significant difference identified during post hoc testing. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
basicranial axis may thus be related to the appearance of external basicranial flexion when visualized via wireframes after GPA as hormion and basion may be located closer together.
DISCUSSION
Geometric morphometrics is an ideal method for visualization of the above differences among human and nonhuman hominoid growth series. The morphology of the nasopharyngeal boundaries and overall URT are sufficiently complex so that a robust method for visualizing evolutionary and developmental trends is needed. Traditional morphometrics are constrained to the measure of a preset number of univariate measures (e.g., distances, angles, and volumes) that may not alone be sufficient for explaining the complex developmental and evolutionary changes that can occur among the nasopharyngeal boundaries. In contrast, geometric morphometrics allows for the assessment of global shape variation that is not constrained to single dimensions. Such plotted morphological variation may direct investigation to unexpected morphological patterns that may have otherwise been missed if relying solely on traditional morphometrics. Among the available methods, GPA was preferred for its ability to allow comparison of morphological differences in a scale-free shape space. These can be examined for both normal growth changes and shape diversity among taxa. Additionally, future studies may use such data in the analysis of morphological relationships of the osseous nasopharyngeal boundaries to physiological parameters such as relative volumes of inspiratory air permitted into the nasopharynx and efficiency of middle ear aeration via the Eustachian tube.
The results of the geometric morphometric analysis indicate that the osteological framework for modern human URT morphology is distinct from that of all other hominoids. Features such as extreme facial orthognathy, increased facial and anterior nasopharyngeal width, facial kyphosis, and reduction and reorientation of the basicranial axis accounted for the majority of shape variation within the sample. Indeed, PC 1 accounted 50.4% of this shape variation, whereas PC 2 only represented 16.3% of shape variation. PC 1 separated the modern human URT from the great ape comparative sample via Fig. 13 . Box-whisker plots of significant (P 5 0.00833 as per the Bonferroni formula) growth changes among Gorilla. For each plot, the X-axis represents growth stages. In the cases of (a)-(d), the Y-axes represent units of Procrustes-corrected length and are thus relative dimensions. The Y-axis of (e) represents an angle. Overall, the upper respiratory tract grows longer and narrower between Stages 2 and 5 with large-scale growth changes occurring later between Stages 4 and 5. Gorilla is also the only hominoid genus to exhibit dimorphism in any of the linear measures during a pre hoc test (see "Methods" section). However, these sex differences were not significant after Bonferroni adjustment. P-values listed inside each plot indicate the P-value for that respective ANOVA. Asterisks between growth stages represent the presence of a significant difference identified during post hoc testing. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
Fig. 14. Box-whisker plots of significant (P 5 0.00833 as per the Bonferroni formula) growth changes among Pongo. For each plot, the X-axis represents growth stages. In the cases of (a)-(d), the Y-axes represent units of Procrustes-corrected length and are thus relative dimensions. Development in Pongo is marked by narrowing and elongation of the basicranium. P-values listed inside each plot indicate the P-value for that respective ANOVA. Asterisks between growth stages represent the presence of a significant difference identified during post hoc testing. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS. Fig. 15 . Box-whisker plots of significant (P 5 0.00833 as per the Bonferroni formula) growth changes among Hylobates from pairwise t tests. For each plot, the X-axis represents growth stages. In the cases of (a)-(d), the Y-axes represent units of Procrustes-corrected length and are thus relative dimensions. Development in Hylobates is marked by palatal elongation, increasing nasal height, and basicranial narrowing between the foramina ovale. Despite a nonsignificant ANOVA, choanal height grew significantly between Stages 2 and 4 when analyzed via pairwise t tests. Asterisks between growth stages represent the presence of a significant difference identified during post hoc testing. P-values listed inside each plot indicate the P-value for that respective ANOVA. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
palatal shortening, greater external basicranial flexion, and anteroposterior shortening of the nasopharynx.
Growth change among all of the hominoid genera appeared to include elongation and narrowing of the face, hard palate, and choanae and inferior descent of the maxillary tubercles as the masticatory apparatus matured. The nonhuman hominoids also exhibited some amounts of superior facial rotation (airorhynchy) and retroflexion at the spheno-occipital synchondrosis during ontogeny. Humans, like the nonhuman hominoids, also exhibited facial elongation and vertical growth at the choanae but were distinguished by inferior rotation of the face (kyphosis) and flexion at the spheno-occipital synchondrosis with abbreviation of the hormion-sphenobasion length and hormion-basion length.
When comparing interlandmark distances among sets of Procrustes-corrected coordinate data, not all of the growth changes visible from the wireframe models achieve significance. This may indicate that some growth changes are too subtle to be quantified via ANOVA with Bonferroni adjustment. However, there appear to be a large number of significant growth changes among humans relative to other hominoids, suggesting a distinct growth trajectory in this genus. Indeed, human nasopharyngeal growth is characterized by a major restructuring of the upper airways in which the tongue and hyolaryngeal complex descend inferiorly so that a permanent oropharynx exists, effectuating an intersection of alimentary and respiratory spaces (e.g., Laitman et al., 1978; Davidson et al., 2005; Vorperian et al., 2005) . As such, adult humans exhibit URT morphology that is distinct from both human infants and all other nonhuman hominoids. Results of the analysis indicate that human adults exhibit significantly shorter relative hormion-basion length and wider relative bicarotid width than any other group. The former measure appears intimately related to external basicranial flexion which, despite lack of significant difference of adult humans from Stage 1 humans and Stage 2 apes in the hormion-sphenobasion-basion angle, was still manifested in reorientation of the basicranial axis and shortening of the roof of the nasopharynx between hormion and sphenobasion. The above measures may thus be related to laryngeal descent over human development and evolution, which contribute to the formation of optimal supralaryngeal vocal tract proportions for the articulation of speech sounds. Fig. 16 . Fig. 16 . Box-whisker plots of measures that significantly (P < 0.00125 as per Bonferroni adjustment of 40 orthogonal comparisons) distinguish all humans (a)-(c), human newborns (d), or human adults (e and f) from nonhuman hominoids. The measure of total basicranial length between hormion and basion (f) was also used as a measure of external basicranial flexion as these two landmarks constitute the endpoints of the basisphenoid and basioccipital elements, respectively. Only adult humans exhibited sufficiently short hormionbasion distance to infer marked external basicranial flexion. Yet, humans of all growth stages exhibited wider faces and nasopharynges than nonhuman hominoids. P-values listed inside each plot indicate the P-value for that respective ANOVA. The X-axes represent growth stages within each genus, whereas the Y-axes represent units of Procrustes-corrected length and are thus relative dimensions. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
The increase of bi-carotid width and decrease of biovale width over human development is worth noting. These growth trends may imply that different portions of the basicranium are under separate functional constraints. The anterior portion of the basicranium corresponding to bi-ovale width is likely influenced by the demands of the URT, whereas the bi-carotid width is located closer to the foramen magnum and the basiocciput, to which prevertebral muscles of head positioning attach (i.e., longus capitis and rectus capitis anterior). The intervening basioccipital element decreases significantly in relative length (sphenobasion-basion distance) between Stages 1 and 2 in humans and does not undergo any further growth change later in development. Indeed, this bony element broadens with the growth of the prevertebral musculature. This process is not completed within the first four postnatal months representing Stage 1, thus newborns are unable to position their heads vertically against gravity and their crania lack the rugosity associated with insertions of well-developed rectus capitis anterior and longus capitis muscles on the basiocciput. The basioccipital element and pharyngeal tubercle may thus be excluded in estimation of the posterior nasopharyngeal boundaries as they do not appear to be directly related to the dimensions of the respiratory space. A distinction is likely warranted between the anterior half of the basicranial axis superiorly bounding the nasopharynx and the posterior half, which corresponds to a space occupied by prevertebral muscles and does not directly determine the dimensions of the upper airway.
Unlike the measure of relative nasopharyngeal roof depth, relative floor depth was not distinct among humans, who were nested among the apes. Nonetheless, facial kyphosis and choanal plane orientation angle among human adults is significantly more acute than among human infants. Human adults do not significantly differ from Stage 2 Hylobates in facial kyphosis or from Stage 2 of all the nonhuman hominoid genera in the angle of choanal orientation, whereas the human infants are nested among adult and juvenile apes in both measures. This suggests that a reversal of the typical hominoid growth trend has evolved among humans to aid in anteroposterior foreshortening of the nasopharynx, a component of the horizontal portion of the supralaryngeal vocal tract (measured between external labia and posterior nasopharyngeal wall; Lieberman et al., 1992) . When combined with extreme facial orthognathy, these morphologic features may help to produce optimal airway proportions for speech.
Although many growth changes distinguished Stage 1 of human development, further large-scale growth trends are also occurring within Stage 2. The latter encompasses a broad period of life history, roughly approximating the fourth postnatal month to the sixth year. The entire first year of life is of vital importance as the aerodigestive tract shifts from a two-tubed system (with separation of Fig. 17 . Fig. 17 . Box-whisker plots of measures that are significantly (P < 0.00125 as per Bonferroni adjustment of 40 orthogonal comparisons) different between newborn and adult humans but do not distinguish human adults from nonhuman hominoids. Of all the listed measures, there appears to be the least amount of overlap between adult humans and nonhuman hominoids in the hormion-sphenobasion-basion angle. When this measure is considered alongside extremely short relative hormion-basion distance (see Fig. 16 ), human adults appear to exhibit marked external basicranial flexion. P-values listed inside each plot indicate the P-value for that respective ANOVA. The X-axes of each plot represents growth stages within each genus, whereas the Y-axes of (c) and (e) represent units of Procrustescorrected length and are thus relative dimensions. For plots (a), (b), and (d), the Y-axes represent angles. The cross represents the mean value, and the horizontal red lines represent (from bottom to top) minimum value, 25th percentile, median value, 75th percentile, and maximum value. These plots were generated using the program SAS.
airway and aerodigestive tract) to a single-tubed system (with crossing of the airway and aerodigestive tract). Within the first four postnatal months alone, developmental milestones in autonomic regulation, vision, hearing, laryngeal chemoreflexes, and vocalization activity are reached (Micham and Laitman, 2013) . This developmental shift warrants further study so that growth changes within Stages 1 and 2 may be better understood and constrained to smaller units of time.
As indicated by the analysis of correlation coefficients, facial length and width shared strong and significant (P < 0.0001) relationships with choanal and basicranial width. Indeed, Stage 5 and Stage 1 humans were distinct in all of these relative measures from all growth stages of each nonhuman hominoid genus. Humans of all developmental stages had significantly shorter relative palate length and greater relative width at the choanae and foramina ovale than the nonhuman hominoids. Among humans, Stage 1 crania exhibited the smallest relative palate length and the widest relative bi-ovale width.
These data allow us to support our Hypothesis 1, as both human adults and newborns exhibit the relatively widest choanae and anterior nasopharynges and yet are the most orthognathic hominoids. Humans of all stages also present with the relatively widest faces (bi-jugale width) among all the hominoid genera. Analysis of correlation coefficients further corroborated Hypothesis 1 as palate length, facial (bi-jugale) width, and angle of facial kyphosis were strongly correlated with choanal width, bi-ovale width, and bi-carotid width, respectively. Crania with broad choanae and basicrania were thus characterized by short palate length, broad facial width, and an acute angle of facial kyphosis. Hypothesis 2 was also supported by the results as newborns exhibited longer, less flexed basicrania (i.e., longer hormion-basion distance) and choanae that are obtusely oriented relative to adults. The analysis of correlation coefficients also corroborated this hypothesis as the angle of external basicranial flexion was strongly correlated with nasopharyngeal floor depth and moderately correlated with depth at the nasopharyngeal roof, both being positive correlations.
CONCLUSIONS
Overall, the results of this study confirm the respective hypothesized relationships between nasopharyngeal shape and facial and basicranial morphology. The nasopharyngeal boundaries have seldom been the focus of evolutionary studies, which have instead focused on issues of basicranial flexion and facial morphology. The above data suggest that further research is warranted into the influence of the centrally located nasopharyngeal boundaries and functional integration of this region with other URT components. Of particular interest are evolutionary changes and the reconstruction of soft tissue anatomy from fossil hominins, which bear on aspects of respiratory and vocalization abilities. Currently, a deficit of information on the nasopharyngeal morphology of extinct humans such as the Neanderthals still remains after more than 150 years of study. r 5 20.7 P < 0.00001 P 5 0.13 P 5 0.02359 P < 0.00001 P 5 0.00046 Bi-jugale width r 5 0.75 r 5 0.50 r 5 0.26 r 5 0.65 r 5 0.76 P 5 0.0001 P 5 0.02 P 5 0.26 P 5 0.0013 P 5 0.000034 Nasal width r 5 0.19 r 5 0.67 r 5 0.69 r 5 0.11 r 5 0.24 P 5 0.41 P 5 0.00079 P 5 0.000603 P 5 0.63 P 5 0.3
Note that significant correlations are given in boldface and that all P-values are Bonferroni corrected so that, for 20 separate comparisons, significance was set at P 5 0.0025. Note that all correlations are significant, even with a Bonferroni-corrected P-value of 0.01.
